ABSTRACT. Oenanthe L. is a taxonomically complex genus, several species of which have long been used as vegetables and traditional medicines in East Asia. In order to clarify the taxonomic status of Oenanthe accessions and provide baseline data for the sustainable use of its genetic resources, we examined sequence variations in the internal transcribed spacer (ITS) region of Oenanthe accessions collected from a wide geographical area in China and its neighboring countries. For comparison, ITS sequences in GenBank for almost all currently reported species of Oenanthe were also included in our analyses. Both phylogenetic tree construction methods (Bayesian inference and maximum likelihood) revealed that the accessions tended to cluster into two groups, which were closely related to O. mildbraedii and O. sarmentosa. However, these two species have never been recorded in China or its neighboring countries. Therefore, it seems probable that in our sampled locations, Oenanthe accessions have been given an incorrect name, such as O. javanica. Future studies should carefully check the morphological characteristics of other Oenanthe species and sequence their ITS regions in order to clarify the taxonomic status of the genus.
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INTRODUCTION
The genus Oenanthe L. ("water dropwort", Apiaceae) includes about 30 species that are widely distributed in Eurasia, North America, and Africa (Fu and Watson, 2005) . Oenanthe is a taxonomically complex genus due to its diverse morphology and widespread dispersal (Fu and Watson, 2005; Zhao, 2010; Spalik et al., 2014) . In the last decade, great progress has been made in elucidating high-level phylogenetic relationships within the family Apiaceae, including Oenanthe, such as the tribe Oenantheae Spalik et al., 2009 Spalik et al., , 2014 and the subfamily Apioideae (Downie and Katz-Downie, 1999; Zhou et al., 2008 Zhou et al., , 2009 by polymerase chain reaction (PCR) and direct DNA sequencing. The phylogenetic position of Oenanthe in Apiaceae has been studied extensively in these studies. However, they only used a few representative species of Oenanthe from a limited geographical region. Only a few studies have investigated the phylogenetic relationships between species (Spalik et al., 2014) and genetic variation within species (Huh et al., 2002; Zhao, 2010) in Oenanthe; therefore, the taxonomic status of Oenanthe species remains unclear.
Oenanthe species have long been used in East Asia as vegetables and as traditional medicines (Fu and Watson, 2005; Zhao, 2010; Su et al., 2011) . The fresh leaves and petioles of Oenanthe plants contain high levels of proteins, amino acids, calcium, Vitamin C, iron, and flavonoids (Liu et al., 2007; Zhao, 2010) . One of the most widely utilized species is O. javanica, which has been cultivated and used in China, Japan, Korea, and Southeast Asia for thousands of years (Huh et al., 2002; Zhao, 2010) . Assessing the taxonomic status of germplasm resources is essential for the sustainable use of crops and medicinal materials. However, due to the morphological variability of these germplasms, the evaluation of their taxonomic status is still limited in many geographical regions.
In the Chinese version of the "Flora of China", nine species and one variety of Oenanthe are recorded (China Flora Editorial Board of CAS, 1985) . In a later revision of this genus in an English version of the "Flora of China", Fu and Watson (2005) treated these taxa as only five species (O. javanica, O. benghalensis, O. hookeri, O. linearis, and O. thomsonii) and six subspecies, based on a re-examination of their morphological characteristics. Although several species, such as O. benghalensis, O. hookeri, and O. linearis, might have been cultivated and used as vegetables and medicines in different regions of China, in our field investigations we found that these germplasm resources were still regarded as O. javanica by local people and even the researchers. To date, only a few phylogenetic studies have included Oenanthe accessions from China (Zhou et al., 2008; Zhao, 2010) . For example, Zhou et al. (2008) sampled only six accessions, representing four species of Oenanthe, in their molecular phylogenetic study of the Chinese Apiaceae subfamily Apioideae; Zhao (2010) studied the genetic diversity and phylogenetic relationships of 20 cultivated accessions of the species "O. stolonifera", which is a synonym of O. javanica, using random amplified polymorphic DNA (RAPD) molecular markers. As suggested by Fu and Watson (2005) , studies over a wide geographical area are still needed to resolve the classification.
The nuclear ribosomal DNA internal transcribed spacer (nrDNA ITS) region has been suggested to be the core barcode for the species discrimination of seed plants (Li et al., 2011) . The ITS region has also been successfully used for low-level phylogenetic analyses in the Apiaceae (Downie et al., 2001 Kadereit and Kadereit, 2005; Zhou et al., 2008 Zhou et al., , 2009 Spalik et al., 2009) . The numerous ITS sequences available in GenBank for almost all currently reported species of Oenanthe provide a reference for species discrimination. In the present study, we used the ITS region as a molecular marker to examine the sequence variation of Oenanthe accessions collected from a wide geographical area in China and its neighboring countries, i.e., North Korea, Japan, and Vietnam. Our main objectives were to evaluate the taxonomic status of these accessions and provide baseline data for the sustainable use of these plant genetic resources.
MATERIAL AND METHODS

Sampling
In total, 170 accessions of Oenanthe from East Asia were sequenced and examined for ITS sequence variation, including 165 accessions from 15 provinces of China, two accessions from North Korea, one from Japan, and two from Vietnam (Table 1) . Each accession was collected from a different location in each country (Figure 1 ). Leaf material was collected from each accession, and leaf samples were stored in silica gel until DNA extraction. Vouchers for all of the sampled accessions were deposited in the Herbarium of Wuhan Vegetable Scientific Research Institute, Wuhan, China. To infer phylogenetic relationships between the accessions sampled in this study and other species within the Oenanthe, we downloaded the ITS sequences of 43 Oenanthe accessions of 29 species from GenBank, which represented nearly all currently recorded species of this genus (Table 2 ). In addition, two species (Cicuta virosa, GenBank accession No. AY524767 and C. maculate, AY524733) from the genus Cicuta were selected as outgroups in phylogenetic tree reconstructions, according to previous phylogenetic studies Zhou et al., 2008; Spalik et al., 2009 Spalik et al., , 2014 .
DNA extraction, PCR amplification, and sequencing
Total genomic DNA was extracted from dry leaf material using a Plant Genomic DNA Kit (Tiangen, Beijing, China) following the manufacturer instructions. DNA concentrations were estimated and standardized on 2.0% (w/v) agarose gels.
The ITS regions, including ITS-1, 5.8S rDNA, and ITS-2, were amplified by PCR using the primers "ITS4" and "ITS5" (for the primer sequences, see White et al., 1990) . PCR amplifications in 50-µL reactions were conducted with the following reagents: 0.25 mM of each dNTP, 5 µL 10X Taq buffer (10 mM Tris-HCl, pH 8.3, 1.5 mM MgCl 2 , and 50 mM KCl), 1 mM of each primer, 2 U Taq Polymerase (Sangon Biotech, Shanghai, China); a total of 60-80 ng genomic DNA was added to each reaction. The amplifications were conducted in an Eppendorf AG 22331 Hamburg Thermocycler (Eppendorf, Germany), and the PCR conditions were as according to Wang and Li (1998) . Following amplification, the size of each PCR product was determined electrophoretically on 2.0% (w/v) agarose gel run at 100 V in 0.5X TBE (Tris-boric acid-EDTA), and visualized by staining with ethidium bromide. All of the PCR products were purified using a TIANquick Midi Purification Kit following the protocols provided by the manufacturer (Tiangen). Sequences were generated on an ABI 3730 automated sequencer (Applied Biosystems, Foster City, CA, USA) by Sangon Biotech using the same primers as for the amplifications. Table 1 ). 
Sequence analysis and phylogenetic reconstruction
Sequences were aligned using CLUSTAL W (Thompson et al., 1994) . The aligned sequences were manually inspected prior to analysis, and gaps were inserted to insure positional homology. Insertions/deletions (indels) were treated as point mutations and equally weighted with other mutations. ITS haplotypes were determined from nucleotide substitutions and indels of the aligned sequences.
Bayesian inference (BI) and maximum likelihood (ML) analyses were conducted for the ITS sequence dataset, including sequences of the ITS haplotypes generated from this study and sequences from GenBank. An analysis was conducted for each of the following edited ITS sequence datasets: 1) ITS dataset without indels; 2) ITS dataset with indels, and each indel was treated as one point mutation. The Oenanthe cladogram was rooted using C. virosa and C. maculate var. maculate.
The BI analysis was conducted using the BEAST v. 1.7.4 program (Drummond and Rambaut, 2007) on each of the two datasets. The best-fit models (GTR + I + G) were selected according to the Akaike information criterion (Akaike, 1974) using MrModeltest 2.3 (Nylander, 2004) in conjunction with PAUP 4.0 (Swofford, 1998) to generate model scores. A starting tree was randomly generated and a Yule process was performed. Two separate Markov chain Monte Carlo analyses were run for 10,000,000 generations, with sampling at every 1000 generations to ensure that all of the effective sample size values were greater than 200. Tracer v1.5 (http://tree.bio.ed.ac.uk/software/tracer/) was used to check the parameters, and the first 10% of generations was discarded as burn-in. Bayesian trees were annotated in TreeAnnotator 1.6.0 (http://beast.bio.ed.ac.uk/TreeAnnotator) and edited in FigTree 1.3.1 (http://tree.bio. ed.ac.uk/software/figtree/).
ML phylogenetic analyses were performed on each of the two edited datasets using the PhyML v.3.0 software (Guindon et al., 2010) using the "GTR + I + G" nucleotide substitution model. Clade stability was estimated by non-parametric bootstrapping with 1000 replicates in PhyML.
RESULTS
Sequence variation
Among the 170 ITS sequences generated in this study, the complete ITS region varied in length from 619 to 622 bp. The total length of the alignment was 624 bp. A total of 101 polymorphic sites (97 substitutions and four indels) of the ITS region resulted in the resolution of 53 haplotypes (Hap1-Hap53) across the 170 accessions (from 170 locations) (Table 1) . GenBank accession numbers (Nos. KT362845 to KT362897) for each haplotype are listed in Table 1 . Among the 53 ITS haplotypes revealed in this study, three haplotypes (Hap1, Hap12, and Hap24) were widely distributed in the sampled region. Among the 170 Oenanthe accessions, 94 were assigned to Hap1, 11 to Hap12, and 8 to Hap24 (Table 1 ). In addition, 46 of the 53 haplotypes were unique.
The aligned ITS sequence matrix of the 53 haplotypes and the 43 accessions of 29 species was 559 bp in length after removing the indels. When treating each indel as one point mutation, the total length of the ITS sequence matrix was 585 bp. These two data matrices were used in the subsequent phylogenetic analyses.
Phylogenetic analyses
Based on the ITS sequence matrix that contained 98 aligned sequences without indels (53 from the haplotypes revealed in this study, 43 from GenBank representing 29 species, and two from the outgroup), the BI analysis revealed two clades (Clade I and Clade II) of the 53 haplotypes (Figure 2 ): Clade I contained 16 haplotypes (Bayesian posterior probability [PP] < 0.5), which was closely related to O. mildbraedii; Clade II contained 37 haplotypes (PP < 0.5), with three accessions of O. sarmentosa embedded within this clade. For the phylogeny of the whole Oenanthe genus, O. procumbens and O. palustris were strongly supported (PP = 1) as sisters to the remainder of the ingroup taxa. Accessions from previous studies formed at least five well-supported clades (PP = 0.97-1.00) (Figure 2) . Based on the same dataset, the ML analysis revealed a generally similar phylogenetic topology (data not shown) as the Bayesian tree, but with relatively weak bootstrap values supporting the monophyly of several clades. Two groups of Oenanthe haplotypes revealed by the ML analysis were the same as those in the BI analysis. The two groups were also shown to be closely related to O. mildbraedii and O. sarmentosa. Based on the ITS sequence matrix that contained 98 aligned sequences with indels, the BI analysis also revealed two clades (Clade A and Clade B) of the 53 haplotypes ( Figure  3 ). Clade A (PP = 0.78) and Clade B (PP = 0.97) were shown to be the sister group, with three accessions of O. sarmentosa basal to these two clades. Clade A contained a different haplotype number to Clade I, and Clade B contained a different number to Clade II. Based on the same dataset with indels, the ML analysis revealed an identical phylogenetic topology (data not shown) as the Bayesian tree. 
DISCUSSION
In this study, we compared the nrDNA ITS region sequence variation of 170 Oenanthe accessions collected from a wide geographical region of China and its neighboring countries with accessions reported in previous studies (Hardway et al., 2004; Kadereit and Kadereit, 2005; Downie et al., 2008; Zhou et al., 2008; Spalik et al., 2014) . Using two phylogenetic tree construction methods (BI and ML) and two kinds of dataset (with and without indels), we found that the accessions collected in this study tended to cluster into two groups. From the phylogenetic trees, we also found that one of the two haplotype groups was close to O. mildbraedii and the other to O. sarmentosa.
To date, many gene markers have been employed in the phylogenetic study of the Apiaceae (Downie et al., 2001 Kadereit and Kadereit, 2005; Zhou et al., 2008 Zhou et al., , 2009 Spalik et al., 2009 Spalik et al., , 2014 , such as nrDNA ITS region, chloroplast DNA gene (rbcL and matK), intergenic spacer (psbI-5'trnK and rps16-5'trnK), and intron (rpl16, rps16, and rpoC1) sequences. Among these, the ITS region is the most frequently used marker. The ITS region of nearly all Oenanthe species has been sequenced. Although the utility of the ITS region for high-level phylogenetic estimation in the Apiaceae has been questioned due to high rates of ITS sequence divergence among the lineages , at present it is the best marker for lower-level phylogenetic analyses (Downie et al., 2001; Zhou et al., 2008) . In this study, we used ITS sequences from GenBank that represented all species that have been sequenced. Both the BI and ML analyses demonstrated that there are different accessions for the same species, but those sequenced in different studies were often clustered together: three accessions of O. sarmentosa (AY691942, AY360252, and EU233942), three accessions of O. divaricata (AY360248, AY691932, and EU233935), two accessions of O. silaifolia (EU233943 and AY691937), and two accessions of O. prolifera (AY691941 and GQ379319), which shows that the ITS region is a powerful tool for species identification in Oenanthe.
Unexpectedly, none of the 53 ITS haplotypes identified in the 170 Oenanthe accessions sampled in this study were close to O. javanica, which is regarded as the most widely cultivated and used vegetable in the genus in East Asia (Huh et al., 2002; Zhao, 2010) . Instead, the two haplotype groups revealed in our phylogenetic analyses were close to O. mildbraedii and O. sarmentosa. These two species have never been recorded in China (China Flora Editorial Board of CAS, 1985; Fu and Watson, 2005) or its neighboring countries (Huh et al., 2002) ; therefore, it seems probable that in these sampled locations, Oenanthe accessions have been given the incorrect name, O. javanica. The morphology of O. javanica is highly variable, and the size and shape of the leaves of the O. javanica subspecies javanica converge with those of the O. javanica subspecies rosthornii in Malaysia and adjoining areas; in addition, O. benghalensis and O. linearis have been placed within the broader species concept for O. javanica by some workers (Fu and Watson, 2005) .
It should be noted that although our sampling range covered a large proportion of the geographical range of Oenanthe species in East Asia, in each location we only sampled one individual, and other important Oenanthe areas were not sampled; therefore, it is possible that locations where O. javanica is present in East Asia were not sampled. In addition, only a few accessions of most of the recorded species in Oenanthe, including O. javanica, O. mildbraedii, and O. sarmentosa, were sequenced for the ITS region. Small sample sizes and a lack of morphological information of species outside East Asia are limitations of our comparative taxonomic study. Future studies should carefully check the morphological characteristics of other Oenanthe species and sequence their ITS regions in order to clarify the taxonomic status of the genus.
